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ETCHING AND PLASMA TREATMENT PROCESS 
TO IMPROVE A GATE PROFILE 

FIELD OF THE INVENTION 

001 This invention generally relates to plasma enhanced 
etching including reactive ion etching (RIE) of gate electrodes 
in microelectronic and nanoelectronic integrated circuit 
manufacturing and more particularly to an RIE method including an 
inert gas plasma treatment to improve a gate electrode etching 
profile, 

BACKGROUND OF THE INVENTION 

002 As devices become smaller and integration density 
increases, reactive ion etching (RIE) has become a key process in 
anisotropic etching of semiconductor features. RIE or ion- 
enhanced etching works by a combination of physical and chemical 
mechanisms for achieving selectivity and anisotropicity during 
the etching process. Generally, plasma assisted anisotropic 
etching operates in the milliTorr range and above. Generally, 
three processes compete with each other during plasma etching; 
physical bombardment by ions, chemical etching by radicals and 
ions, and surface passivation by the deposition of passivating 
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films. In some applications, for example, etching high aspect 
ratio features, high density plasma (HDP) etching having a higher 
density of ions and operating at lower pressures has been 
increasingly used in etching high aspect ratio features, for 
example, having aspect ratios greater than about 3:1. 

003 An increasingly problematical phenomenon in RIE process 
is the accumulation of localized electrical charge imbalances 
over the wafer surface during etching. For example, when 
localized charge imbalances accumulate, the localized electric 
field created can be either positive or negative depending on the 
steady state relationship between electron/hole pair creation and 
recombination which depends on local variations in the material 
being etched and the energy, charge, and flux of impacting plasma 
ions and radicals. In addition, the nature of localized charge 
imbalances forming on the process wafer surface during RIE 
etching are influenced by the various RIE process parameters such 
as RF source power and RF bias power. For example, depending on 
the Fermi level of a semiconducting material and the band gap of 
an insulating material localized negative charge imbalances 
forming on target etching surfaces may create a relatively 
attractive or repulsive effect on impacting plasma ions and 
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radicals. For example, the effect may be exacerbated in an RIE 
etching process when a conductive or semi-conductive material is 
adjacent an insulating material where charge accumulation more 
readily occurs at a material interface due to a local imbalance 
in the steady state creation and recombination of electron/hole 
pairs. Such localized charge imbalance accumulations can 
adversely impact RIE etching process causing undesirable 
preferential etching in targeted etching areas. 

004 One semiconductor device structure where etching profiles 
can critically affect the electrical operation of the structure 
includes the etching of gate electrodes. In many integrated 
circuits, both NMOS and PMOS gate electrode structures are formed 
in parallel in a single RIE etching process. A recurring problem 
is the inconsistency of the etching profiles obtained for 
parallel formation of NMOS and PMOS polysilicon gate electrodes. 
One particular problem involves the formation of a ^foot' 
(increase in the gate electrode width) and/or a ^notch' (decrease 
in the gate electrode width) at the base of the polysilicon 
electrode depending on the dopant type of the polysilicon gate. 
In addition, damage to the underlying gate dielectric can occur. 
Etching profile defects including feet or notches adversely 



3 



67,200-1107 
2002-1025 



affect the electrical properties of NMOS and PMOS gates and gate 
electrodes including decreased dielectric breakdown strength, 
Voltage threshold variations, and current leakage. 

005 There is therefore a need in the semiconductor processing 
art to develop an improved method for etching gate electrodes to 
achieve improved etching profiles while avoiding the formation of 
preferential etching defects thereby improving device reliability 
and process wafer yield. 

006 It is therefore an object of the invention to provide an 
improved method for etching gate electrodes to achieve improved 
etching profiles while avoiding the formation of preferential 
etching defects thereby improving device reliability and process 
wafer yield while overcoming other shortcomings and deficiencies 
of the prior art, 

SUMMARY OF THE INVENTION 

007 To achieve the foregoing and other objects, and in 
accordance with the purposes of the present invention, as 
embodied and broadly described herein, the present invention 
provides a method for improving a polysilicon gate electrode 
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profile to avoid preferential RIE etching in a polysilicon gate 
electrode etching process. 

008 In a first embodiment, the method includes providing a 
semiconductor process wafer comprising a gate dielectric formed 
over a silicon substrate and a polysilicon layer formed over the 
gate dielectric; providing a hardmask layer over the polysilicon 
layer; patterning the hardmask layer for forming a gate electrode 
according to a photolithographic patterning process; carrying out 
a first reaction ion etch (RIE) step to etch through a thickness 
of the hardmask layer to expose the polysilicon layer; carrying 
out a second RIE step to etch through a first thickness portion 
of the polysilicon layer including an RF source power and an RF 
bias power; carrying out a third RIE step to etch through a 
second thickness portion of the polysilicon layer including at 
least one of a lower RF source power and RF bias power compared 
to the second RIE step; plasma treating the exposed gate 
dielectric and polysilicon layer in-situ wherein the plasma is 
formed essentially from an inert source gas to neutralize an 
electrical charge imbalance; and, carrying out a fourth RIE etch 
process to etch through a remaining thickness of the polysilicon 
layer. 
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009 These and other embodiments, aspects and features of the 
invention will be better understood from a detailed description 
of the preferred embodiments of the invention which are further 
described below in conjunction with. the accompanying Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010 Figures lA-lG are cross sectional schematic 
representations of an exemplary portion of a CMOS device 
including NMOS and PMOS portions formed in parallel at stages of 
manufacture according to an embodiment of the present invention, 

0011 Figure 2 is an exemplary process flow diagram including 
several embodiments of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

0012 Although the method of the present invention is explained 
with reference to a particular NMOS and PMOS device, it will be 
appreciate that the method of the present invention may be 
applied to the formation of any MOSFET device including the 
formation of a polysilicon gate electrode according to an RIE 
etching process where an etching profile of the polysilicon gate 
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electrode may be advantageously improved to avoid preferential 
etching defects. For example, the formation of split gate 
MOSFETS, twin gate MOSFETS and dual gate SOI devices are 
contemplated by the method of the present invention. 

0013 Referring to Figures lA-lG in an exemplary embodiment of 
the method of the present invention, are shown cross-sectional 
schematic views of a portion of a semiconductor wafer during 
stages in production of CMOS structures including NMOS and PMOS 
devices. For example, referring to Figure lA is shown a silicon 
substrate 12 including n-doped well region 12A and p-doped well 
region 12B formed by conventional methods, for example depositing 
silicon nitride masks followed by ion implantation. Shallow 
trench isolation (STI) structures e.g., 14A, 14B, and 14C are 
formed by conventional etching and STI oxide backfilling 
processes. For example, the STI structures are formed for 
example, by deposition of a nitride layer followed by STI trench 
formation, CVD oxide deposition, planarization, and finally 
nitride stripping. Following formation of the STI structures, 
the well regions are formed by growing a layer of sacrificial 
oxide followed by deposition and patterning of photoresist 
implant masks over respective well regions to carryout a high 



7 



67,200-1107 
2002-1025 



energy (e.g., 500 KeV to IMeV) ion implants, Voltage threshold 
adjustment implants, and a punch-through implants over the 
respective well regions. For example, a boron implant for 
forming the p-well region 12B and a phosphorous implant for 
forming the n-well region 12A are used as is known in the art. 
An RTP anneal at about 850 to 950 °C is then carried out to 
activate the well regions. 

0014 Still referring to Figure lA, following the well region 
formation process, the sacrificial oxide is stripped, the wafer 
cleaned by conventional processes and a gate dielectric layer 16 
is formed. It will be appreciated that a thermally grown Si02 
layer may be used as the gate dielectric layer 16 or may be 
formed of one or more high-K dielectric layers having a 
dielectric constant greater than about 10, more preferably 
greater than about 20, for example including binary oxides such 
as lanthanum oxides, for example hafnium oxide (e.g., Hf02) grown 
by an ALCVD process over an ultra-thin interfacial oxide layer. 
Where a thermally grown oxide layer is used as the gate 
dielectric layer 16, the gate oxide layer is formed to a 
thickness of about 20 Angstroms to about 60 Angstroms, for 
example grown at a temperature of from about 850 ''C to about 1050 
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16 is then optionally subjected to a nitridation process to 
prevent subsequent boron penetration. 

0015 Referring to Figure IB, a polysilicon layer 18 is then 
deposited to a thickness of about 1500 Angstroms to about 3000 
Angstroms over the gate dielectric layer 16. In one embodiment, 
an n-doped region 18A is formed in the polysilicon layer 18 
overlying the p-well region 12A in silicon wafer 10 adjacent to a 
p-doped region 18B overlying the n-well region 12C. The n-doped 
and p-doped regions are formed by conventional masking and ion 
implantation methods, for example using photoresist masks to 
selectively implant the n-doped region with for example, 
phosphorous and the p-doped region with boron to predetermined 
concentrations as are known in the art, for example greater than 
about 10"^^ dopant atoms/cm^. 

0016 Referring to Figure IC, a hardmask layer 20 is deposited 
over the polysilicon layer 16 to a thickness of about 200 
Angstroms to about 400 Angstroms. The hardmask layer 20 is 
preferably formed of one of silicon dioxide, for example grown by 
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a wet or dry thermal process, silicon nitride and silicon 
oxynitride, deposited by a PECVD or LPCVD process. 

0017 According to an embodiment of the invention, in a multi- 
step RIE etching process, preferably a high density plasma formed 
by a transformer coupled plasma (TCP) source or inductively 
coupled plasma (ICP) source, also referred to as a dual source 
plasma (DSP) , is used for the multi-step RIE etching process 
since the RF bias power is advantageously decoupled from the RF 
source power to allow an adjustably delivered RF bias power 
according to preferred embodiments of the present invention. 
Preferably, the RF bias power, if any is supplied, is supplied at 
a frequency of greater than about 1 MHz in preferred embodiments. 

0018 Referring to Figure ID, following photolithographic 

patterning (photoresist layer not shown) , in a first step of the 

multi-step RIE etching process, the hardmask layer is etched 

through a thickness using a CF4 etching chemistry to expose 

portions of the underlying polysilicon layer 18 leaving hardmask 

layer portions e.g., 20A and 20B overlying subsequently formed 

polysilicon gate electrode portions. Exemplary RIE etching 

parameters include a plasma pressure of about 2 to about 15 

milliTorr using CF4 at a flow rate of about 20 to about 120 seem. 

The RF source power is preferably supplied between about 100 to 
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about 1000 Watts including a RF bias power at about 10 to about 
200 Watts. 

0019 Referring to Figure IE, the polysilicon layer 18 
including doped portion 18A and 18B is then etched in a first 
main etching step including a CF4/HBr/Cl2 etching chemistry 
through a first thickness portion of the polysilicon layer 18, 
for example through about 1/2 to about 3/4 of the polysilicon 
layer 18 thickness to form outlines of polysilicon gate portions 
e.g., 24A and 24B. Exemplary RIE etch parameters for the main 
etching step include a plasma pressure of about 2 to about 30 
milliTorr using CF4 at a flow rate of about 5 to about 100 seem, 
CI2 at a flow rate of between about 15 and about 150 seem, HBr at 
a flow rate of about 20 to about 200 seem, and helium and oxygen 
each at a flow rate of about 3 to about 30 seem. The RF source 
power is preferably supplied between about 200 to about 500 
Watts, including a RF bias power at about 10 to about 200 Watts. 

0020 Referring to Figure IF, a second main etch step is then 
carried out where the polysilicon layer 18 is etched through a 
second thickness portion, for example in one embodiment to 
endpoint detection of an underlying gate dielectric layer 16 to 
at least partially expose the underlying gate dielectric layer. 
In the second main etch step, at least the RF bias power and 
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preferably both the RF bias power and the RF source power are 
reduced compared to the first main etch step. For example, 
preferably an RF source power is supplied between about 100 and 
about 300 Watts and an RF bias power is supplied form about 0 to 
about 100 Watts. Optionally no (zero) bias power is used. The 
lower RF source power together with the lower RF bias power, 
preferably supplied at a frequency of greater than about 1 MHz, 
reduces ion bombardment energy and reduces electrical charge 
imbalance buildup at the exposed portions of the polysilicon 
gates . 

0021 In another embodiment, at least one of the first and 
second main etch processes are carried out using a 
f luorocarbon/oxygen etching chemistry. Exemplary plasma etching 
conditions include a plasma pressure of from about 5 to about 100 
milliTorr, an RF source power of about 200 to about 1000 Watts, 
an RF bias power of about 0 to about 100 Watts, and a flow rate 
of CF4 and O2 each from about 20 to about 200 seem. If a 
f luorocarbon/oxygen etching chemistry is used for both the first 
and second main etch steps at least the RF bias power and 
preferably both the RF bias power and the RF source power are 
reduced compared to the first main etch step, including using a 
zero RF bias power in the second main etch step. 
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0022 Following the second main etch step carried out using at 
least one of a lower RF source power and RF bias power compared 
to the first main etch step, an in-situ plasma treatment with one 
or more inert source gases such as argon, helium, and nitrogen, 
including mixtures thereof, is carried out for a period of time, 
for example from about 15 seconds to about 45 seconds with zero 
RF bias power supplied and with an RF source power of about 50 
Watts to about 150 Watts at a pressure of about 2 milliTorr to 
about 100 milliTorr. It has been found that the inert plasma 
treatment according to preferred embodiments has the effect of 
preventing preferential etching in a subsequent overetch process, 
for example preventing the formation of notches in a p-doped 
polysilicon gate. 

0023 While not being bound by a particular theory or 
mechanism, it is believed that the inert plasma treatment 
following the second main etch process and prior to an overetch 
process acts to neutralize electrical charge imbalance created by 
the first and second main etching steps including where a 
polysilicon/oxide interface is exposed. In particular, it has 
been found that during an overetch process preferential etching 
causes foot portions in the n-doped polysilicon gate electrodes 
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and notches in the p-doped polysilicon gate electrodes to be 
formed. According to an aspect of the present invention it has 
been found that such preferential etching is advantageously 
prevented by the inert plasma treatment according to preferred 
embodiments. In particular, notching of the p-doped polysilicon 
gate is advantageously prevented by the inert gas plasma 
treatment after optimizing the RIE etching process for etching a 
foot free n-doped polysilicon gate. 

0024 It is believed that a localized electrical charge 
imbalance caused by ion bombardment and electron/hole pair 
creation at the p-doped polysilicon/gate dielectric interface 
leads to preferential etching by creating an electric field 
attracting etching gas ions. The inert gas plasma treatment is 
believed to supply an electrical charge removal path, for example 
as an electron acceptor or hole donor, thereby removing the 
charge imbalance while avoiding additional charge buildup and 
damage to the gate plasma treatment with zero RF bias power 
supplied. The inert gas plasma treatment has been found to 
improve the overetch process to avoid preferential etching, for 
example to form notches in the p-doped polysilicon gates. 
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0025 Referring to Figure IG, following the inert gas plasma 
treatment, an overetch process is carried out to remove remaining 
portions of the polysilicon layer 18 over the gate dielectric 
layer 16 including removing polysilicon stringers. In one 
embodiment, the overetch process is carried out under the same 
plasma conditions as the second main etching process with no RF 
bias power applied. Etching with no RF bias power prevents the 
re-accumulation of charge imbalances at the lower portion of the 
polysilicon gate during the overetch process. Further, damage to 
the exposed gate dielectric layer by excessively energetic ion 
bombardment is advantageously avoided. In another embodiment, 
the overetch process is carried out with a chlorine-free etching 
chemistry. A chlorine-free etching chemistry, for example a 
f luorocarbon/oxygen or HBr/oxygen etching chemistry is preferred 
in the overetching process. For example, the rate of chlorine 
etching has been found to be influenced by polysilicon doping, 
thus resulting in variable etching rates for the n-doped and p- 
doped polysilicon gates, contributing to the formation of 
preferential etching of the polysilicon gates. Exemplary RIE 
etching conditions for the overetch process include a plasma 
pressure of about 10 to about 100 milliTorr, an RF source power 
of about 200 to about 1000 Watts, no (zero) RF bias power applied 
and an HBr flow rate of about 20 to about 200 seem including an 
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inert gas such as helium or argon, and oxygen each at about 2 to 
about 15 seem. 

0026 Following the polysilicon gate etching process, 
conventional steps are carried out to complete the formation of 
the CMOS structures, for example, including removal of a 
remaining portions of the hardmask layer, ion implants to form 
halo or LDD implants, spacer formation along the gate electrode 
sidewalls, ion implants to form the source and drain regions, and 
optionally, salicide formation to improve a contact resistance. 

0027 Referring to Figure 2 is a process flow diagram including 

several embodiments of the present invention. In process 201 a 

polysilicon layer having an n-doped region and a p-doped region 

overlying a gate dielectric layer is provided. In process 203, a 

hardmask layer is provided overlying and contacting the 

polysilicon layer. In process 205, the hardmask layer is 

photolithographically patterned for RIE etching polysilicon gate 

electrodes. In process 207, a breakthrough RIE etch is carried 

out to etch through a thickness of the hardmask layer and expose 

portions of the polysilicon layer. In process 209 a first main 

RIE etch is carried out to etch through a first thickness portion 

of the polysilicon layer. In process 211, a second main RIE etch 

is carried out etch through a second thickness portion of the 
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polysilicon layer using at least one of a lower RF source power 
and an RF bias power compared to the first main RIE etch. In 
process 213 an inert gas plasma treatment using zero RF bias is 
carried out to electrically neutralize localized charge 
imbalances on the polysilicon gate electrode. In process 215, an 
overetch process is carried out. In process 217, conventional 
processes are carried out to complete the formation of the CMOS 
device. 

0028 The preferred embodiments, aspects, and features of the 
invention having been described, it will be apparent to those 
skilled in the art that numerous variations, modifications, and 
substitutions may be made without departing from the spirit of 
the invention as disclosed and further claimed below. 
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